Summary: Nanoparticle drug carriers consist of solid biodegradable particles in size ranging from 10 to 1000 nm (50 -300 nm generally). They cannot freely diffuse through the bloodbrain barrier (BBB) and require receptor-mediated transport through brain capillary endothelium to deliver their content into the brain parenchyma. Polysorbate 80-coated polybutylcyanoacrylate nanoparticles can deliver drugs to the brain by a still debated mechanism. Despite interesting results these nanoparticles have limitations, discussed in this review, that may preclude, or at least limit, their potential clinical applications. Long-circulating nanoparticles made of methoxypoly(ethylene glycol)-polylactide or poly(lactide-co-glycolide) (mPEG-PLA/ PLGA) have a good safety profiles and provide drug-sustained release. The availability of functionalized PEG-PLA permits to prepare target-specific nanoparticles by conjugation of cell surface ligand. Using peptidomimetic antibodies to BBB transcytosis receptor, brain-targeted pegylated immunonanoparticles can now be synthesized that should make possible the delivery of entrapped actives into the brain parenchyma without inducing BBB permeability alteration. This review presents their general properties (structure, loading capacity, pharmacokinetics) and currently available methods for immunonanoparticle preparation.
INTRODUCTION
Nanoparticles are solid colloidal matrix-like particles made of polymers 1 or lipids. 2 Generally administered by the intravenous route like liposomes, they have been developed for the targeted delivery of therapeutic or imaging agents. Their main advantages over liposomes are the low number of excipients used in their formulations, the simple procedures for preparation, a high physical stability, and the possibility of sustained drug release that may be suitable in the treatment of chronic diseases. Until the mid 1990s, their development as drug carriers was seriously limited by the lack of long-circulating properties. 3 Therefore, in contrast to liposomes and despite the abundance of experimental works and achievements in the field of nanoparticle technology, no nanoparticle-based drug formulation has been marketed so far. Due to their size ranging from 10 to 1000 nm (generally 50 -300 nm), and like liposomes, they are unable to diffuse through the blood-brain barrier (BBB) to reach the brain parenchyma. Based on general parenteral formulation considerations and specific BBB features, Table 1 summarizes the ideal nanoparticle properties required for drug brain delivery. 4 One particularly interesting application of nanoparticule could be the drug brain delivery, accompanied with the local sustained release, of the new large molecule therapeutics now available to treat the CNS: peptides, proteins, genes, antisense drugs. Due to their poor stability in biological fluids, rapid enzymatic degradation, unfavorable pharmacokinetic properties, and lack of diffusion toward the CNS, they may be advantageously formulated in brain-targeted protective nanocontainers. 5 Compared with conventional drugs, they possess a high intrinsic pharmacological activity. The small dose requested for therapeutic efficiency could easily fit the loading capacity of nanoparticles and would not require the administration of large amount of potentially toxic nanoparticle excipient. Because of the large variety of the nanoparticles developed so far, this review will focus on nanoparticles investigated for brain delivery. Nanoparticles made of polybutylcyanoacrylate (PBCA, FIG. 1) have been intensely investigated since the first papers in 1995 showing that when coated with the nonionic surfactant polysorbate 80 they permitted to deliver drugs to the brain. 6, 7 Despite interesting results, PBCA nanoparticles have limitations, discussed in this review, that may preclude, or at least limit, their potential clinical applications. Nanoparticles made of polylactide homopolymers (PLA) or poly(lac-tide-co-glycolide) heteropolymers (PLGA) may be a promising alternative. In the mid 1990s, long-circulating pegylated PLA or PLGA nanoparticles have been made available that opened great opportunities for drug targeting. 3 Pegylated nanoparticles are made of methoxypoly-(ethylene glycol)-PLA/PLGA (mPEG-PLA/PLGA, FIG. 1), i.e., esters of PLA or PLGA with PEG of various molecular weights. More recently, the synthesis of functionalized pegylated PLA/PLGA nanoparticles opened new perspectives for targeted drug delivery in general, and for drug brain targeting in particular. This review will present their general properties and will propose preparation methods of brain-targeted pegylated nanoparticles.
PBCA NANOPARTICLES

General considerations
Nanoparticles made of poly(alkylcyanoacrylate) polymers (FIG. 1) were first described in 1977 8 and were recently the subject of a comprehensive review of their properties, preparation methods and potential therapeutic applications. 9 They are generally prepared from (iso)butylcyanoacrylate or (iso)hexylcyanoacrylate monomers by emulsion anionic polymerization in an acidic aqueous solution of a colloidal stabilizer such as dextran 70, polysorbates, and poloxamers. Inclusion of drug can be made during the polymerization process or by adsorption onto preformed nanoparticles. Using the first method, chemical reactions may occur between drugs and monomers. 10 Alternatively, the interaction between adsorbed drugs and the nanoparticle may lack stability, especially when a surfactant is subsequently added to the preparation 11 or, once the nanoparticles are dispersed in blood, by a combined effect of serum protein competition and polymer degradation. 12 The length of the alkyl pendant governs degradation rates 13, 14 and toxicity 15, 16 of poly-(alkylcyanoacrylate) nanoparticles, which decrease in the order methylϾethylϾbutyl/isobutylϾhexyl/isohexyl.
Phase I trials were therefore carried out with poly(isohexyl cyanoacrylate) nanoparticles that have the best safety profile and an appropriate degradation rate. 17 Lacking stealth properties, poly(alkylcyanoacrylate) nanoparticles administered intravenously are rapidly cleared from the blood stream by the monuclear phagocyte system (MPS) and mainly accumulate in liver and spleen, 18 -20 together with the entrapped compounds. [21] [22] [23] Only pegylated polyalkylcyanoacrylate nanoparticles have lower MPS uptake and prolonged blood circulation in vivo.
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Brain delivery with PBCA nanoparticles
Adsorbed onto polysorbate 80-coated PBCA nanoparticles administered intravenously compounds with poor brain diffusion as diverse as doxorubicin, 25, 26 loperamide, 27 tubocurarine, 28 the hexapeptide dalargin 6, 7 were successfully delivered to the brain, where they induced a pharmacological effect (for review, see Kreuter 29 ). The chemical nature of the overcoating surfactant is of importance, because only polysorbates, not poloxamers (184, 188, 388, or 407), poloxamine 908, Cremophors (EZ or RH40) or polyoxyethylene(23)-laurylether, led to a CNS pharmacological effect of dalargin. 30 As the mechanism of action, it was hypothesized that polysorbate-coated nanoparticles were transported across the BBB via endocytosis by the brain capillary endothelial cells. 29 This endocytosis would be triggered by a serum protein, apolipoprotein E, reported to adsorb on polysorbate 20, 40, 60, or 80-coated nanoparticles after a 5-min Kreuter, 29 this hypothesis raises questions, based on the following observations. 1) Apolipoprotein E adsorption is not specific of polysorbate 80-coated surfaces because it was shown to adsorb onto pegylated PLA nanoparticles. 31, 32 2) Polysorbate 80-coated poly-(methylmethacrylate) nanoparticles are not distributed into the brain after IV administration. 33 3) Replacing polysorbate 80-coated PBCA nanoparticles with polysorbate 80-coated polystyrene nanoparticles completely abolished dalargin brain delivery. 11 4) The pharmacokinetic profile of polysorbate 80-coated nanoparticles is not favorable to brain distribution, due to a massive uptake by the MPS resulting in liver and spleen accumulation. 33 5) Polysorbate 80 and serum protein competition, as well as the rapid nanoparticle degradation in serum/plasma, were shown to induce desorption of compounds adsorbed onto PBCA nanoparticles within a few minutes. 11, 12 As an evidence of this desorption, blood pharmacokinetic profiles of drugs adsorbed onto polysorbate 80-coated PBCA nanoparticles administered intravenously were actually similar to free solutions, 25, 34, 35 and not at all typical of drugs associated to nonstealth colloidal drug carriers. 21, 22, 23, 36 Therefore, as an alternative to the brain uptake of nanoparticles, we hypothesized a nanoparticle-induced nonspecific BBB permeabilization. 11 It has been known for a long time that polysorbate 80 causes BBB disturbance at intravenous systemic doses as low as 3 mg/kg 37 (25-100 mg/kg polysorbate 80 doses were used in brain targeting experiments 7, 25, 27 ). Recently, Calvo et al. 36 showed that a polysorbate 80 intravenous dose of 20 mg/kg in rats dramatically increased BBB permeability to sucrose. In rats treated with polysorbate 80-coated PBCA nanoparticles (polysorbate 80: 25 mg/kg, nanoparticles: 50 mg/ kg) inulin spaces increased by 10% (not significant) after 10 min and by 99% (significant) after 45 min compared with control. 38 Because apparently no brain uptake was observed with control drug-polysorbate 80 solutions, the toxicity of PBCA nanoparticles was proposed as a synergistic factor for BBB permeabilization. 11 The nanoparticle doses permitting brain delivery (100 -166 mg/kg generally) were close to the lethal dose 50% of PBCA nanoparticles (230 mg/kg in mice 16 ). Polysorbate 80-coated or uncoated PBCA nanoparticles (unloaded with drug) induced a dramatic decrease in mice locomotor activity (associated with obvious signs of distress) at a nanoparticle dose of 135 mg/kg and the permeabilization of an in vitro BBB model at a concentration of 10 g/ml (to be compared to the 1.5 mg/ml theoretical concentration reached in mice blood after dosing animals with a 135 mg/kg nanoparticle dose). 11 In contrast, the nontoxic polysorbate 80-coated polystyrene nanoparticles were ineffective at delivering dalargin to the brain. 11 In a context of general toxicity induced by the high dose of PBCA nanoparticles and associated to the synergistic BBB permeabilization effect of polysorbate 80, major damage to the BBB cannot be excluded. Beyond the ongoing controversy about their mechanism of action, polysorbate 80-coated PBCA nanoparticles should be evaluated in term of benefit/risk ratio and of innovative therapeutics. In addition to the toxicity issue, the short duration of the pharmacological effect observed after administration of drugs formulated with this carrier (210 min at the best 39 ) would probably necessitate daily intravenous administrations, a perspective not suitable for the treatment of chronic brain diseases.
PEGYLATED PLA OR PLGA NANOPARTICLES
General considerations
Among the few biodegradable polymers, polymers derived from glycolic acid and from D,L-lactic acid enantiomers are presently the most attractive compounds because of their biocompatibility and their resorbability through natural pathways. 40, 41 They are widely used for the preparation of biodegradable medical devices and of drug-sustained release microspheres or implants marketed in Europe, Japan, and the U.S. 42 Degradation of PLA or PLGA occurs by autocatalytic cleavage of the ester bonds through spontaneous hydrolysis into oligomers and D,L-lactic and glycolic acid monomers. 43 Lactate converted into pyruvate and glycolate enter the Krebs' cycle to be degraded into CO 2 and H 2 O. After intravenous administration of 14 C-PLA 18000 radiolabeled nanoparticles to rats, 90% of the recovered 14 C was eliminated within 25 days, among which 80% was as CO 2 . 44 Degradation rate depends on four basic parameters: hydrolysis rate constant (depending on the molecular weight, the lactic/glycolic ratio, and the morphology), amount of water absorbed, diffusion coefficient of the polymer fragments through the polymer matrix, and solubility of the degradation products in the surrounding aqueous medium. 40, 41 All of these parameters are influenced by temperature, additives (including drug molecules), pH, ionic strength, buffering capacity, size and processing history, steric hindrance etc. Despite a higher water uptake the PLA or PLGA blocks of mPEG-PLA/ PLGA block copolymers have similar degradation behaviors. 45, 46 mPEG blocks are released (10 -25% within 3 days and 30 -50% within 20 days at pH 7.4, 37°C) after cleavage of the ester bonds, [47] [48] [49] and, in the range of molecular weights of 1000 -20,000, are mainly excreted via the kidney. 50 Up to an extensive PLA/PLGA polymer degradation, nanoparticle morphology and size are generally preserved. 48, 51 Generally considered as biocompatible, 41 PLA or PLGA microspheres have also a good CNS biocompatibility. 52, 53 No mortality was reported with albumin-coated nanoparticles in mice with up to a 2000 mg/kg dose. 44 However, PLA 60000 nanoparticles stabilized with sodium cholate were much more toxic with two of five deaths at a 220 mg/kg dose and five of five at a 440 mg/kg dose associated with marked clinical signs (dyspnea, reduced locomotor activity), alteration of hematological and biochemical parameters and lung hemorrhage. 54 This toxicity was attributed to a disseminated intravascular coagulation and associated events related to the physical surface properties of the nanoparticles rather than to the chemical toxicity of cholate or PLA. In contrast, mPEG 2000 -PLA 30000 nanoparticles were shown to have a good safety profile, with no apparent signs of toxicity at the highest studied dose of 440 mg/kg in mice. 54 
Nanoparticle preparation
Nanoparticles made of mPEG-PLA/PLGA copolymers are mainly prepared using the emulsion/solvent evaporation technique or the precipitation solvent diffusion technique. 1 In the first method, copolymers are dissolved in an organic solvent immiscible to water (such as dichloromethane, chloroform, ethylacetate) and emulsified in an aqueous phase generally containing an emulsifying agent (mainly polyvinylalcohol and sodium cholate). Then the solvent is evaporated off under normal or low pressure to form nanoparticles. Hydrophobic compounds (drug or else) to be incorporated are dissolved in the organic phase. Hydrosoluble compounds are first dissolved in water and emulsified in the polymer-dissolving organic phase. The primary water-in-oil emulsion thus formed is then processed like the organic polymer phase described above. This variant of the first method is called [(water-in-oil) in water] (or multiple emulsion) solvent evaporation technique. In the second method, polymers are dissolved in an organic solvent miscible to water (such as acetone or ethanol) and dispersed in an aqueous phase generally containing a colloid stabilizer. The almost instantaneous diffusion of the organic solvent into the aqueous phase results in the precipitation of the copolymers as nanoparticles. Finally, the solvent is evaporated off as above or extracted by dialysis against water. 55 In principle, only compounds soluble in the organic solvent can be incorporated using the second method. Both basic methods require formulation optimization depending on the type of polymers/copolymers used, their molecular weights, the compound to be incorporated, the nanoparticle size to be achieved, etc. 56 -59 Other less frequently used methods include the emulsion solvent diffusion in an oil phase 60, 61 and the salting out process. 62, 63 Because of their different water solubility, the hydrophobic PLA/PLGA and hydrophilic PEG blocks of the mPEG-PLA/PLGA copolymer tend to phase-separate in the presence of water. Therefore, during the organic solvent evaporation or diffusion, the PEG moieties migrate toward the aqueous phase, whereas the hydrophobic PLA/PLGA moieties aggregate as the nanoparticle core. mPEG-PLA copolymers with relatively high PEG to PLA weight ratio (e.g., mPEG 5000 -PLA 2000-3000 ) may self-assemble as polymeric micelles. 59,64 -66 Depending on the copolymer solubility in water, polymeric micelles may be prepared either by self-dispersion in water (mPEG 5000 -PLA 1500-2000 65, 67 ) or by the precipitation/solvent evaporation technique using a classical solvent extraction procedure (mPEG 5000 -PLA 3000-110900 67 ) or by dialysis. 55 Self-dispersing mPEG-PLA copolymers are also used as emulsion stabilizers in the preparation of PLA nanoparticles. 57 The size of mPEG-PLA nanoparticles prepared with constant PEG 5000 was found to increase with the PLA block molecular weight. 59 With mPEG 5000 -PLA 2000-30000 nanoparticle diameters (from 26 to 64 nm in diameter) were shown to be independent of the copolymer concentration in the organic phase, whereas with higher PLA block molecular mass (45,000 Da) nanoparticle size was dependent on the copolymer concentration in the organic phase. 59 After preparation, nanoparticles can be freezedried in the presence of appropriate cryoprotector for longterm preservation. 51, 62, 63 Pegylated nanoparticle structure Nanoparticles prepared from mPEG-PLA/PLGA copolymers are constituted of a PLA/PLGA hydrophobic core surrounded by a hydrophilic PEG corona or outer shell. In mPEG 5000 -PLA 2000-75000 nanoparticles, negligible penetration of the PEG into the solid-like PLA core was reported, whereas as much of 25% PEG is entrapped within the nanoparticle core in the case of mPEG 5000 -PLA 110000 . 59 It is likely that the [(water-in-oil) in water] solvent evaporation technique increases PEG entrapment, compared with the precipitation/solvent evaporation technique. 46 The water content of mPEG 5000 PLA 45000 nanoparticles (200 nm diameter) is around 30% compared with around 10% for PLA nanoparticles. 46 At room temperature and 37°C, a solid-like central core and more mobile interfacial region coexist within the PLA core of nanoparticles made of mPEG 5000 -PLA [glass transition temperature of around 333K], whereas the PEG corona layer situated on the nanoparticle surface is in the liquid phase. 67 The PLA chain packing density increases with the PLA molecular weights due to an increase in the number of attractive hydrophobic interactions between lactic acid units. 59 In nanoparticles made of mPEG 5000 -PLA 2000 -3000 , PLA chains possess some mobility. 59 Because of the relatively high critical micellar concentration, these nanoparticles may dissociate upon dilution in blood. 65 PEG conformation at the PLA-PEG nanoparticle surface is of utmost importance for the opsoninrepelling function of the PEG layer and has been extensively studied. [57] [58] [59] 66, 68 The PEG layer thickness depends on the PEG molecular weight and surface density. 57 Depending on their surface density, PEG blocks have brush-like (elongated coil, high density) or mushroom-like (random coil, low density) conformations. 66, 68 PEG surfaces in brush-like and intermediate configurations reduced phagocytosis and complement activation, whereas PEG surfaces in mushroom-like configuration were potent complement activators and favored phagocytosis. 32, 47, 69, 70 Based on the Alexander-de Gennes model, the distance between PEG chains should be around 1 nm to repel small globular proteins (approximately 2 nm radius) and 1.5 nm to repel large ones (6-8 nm) . 32 Due to the large choice in the PLA or PEG molecular weights available, the conformation of PEG blocks at the PEG-PLA nanoparticle surface is a complex issue to be addressed. At nanoparticle surface, the area available per PEG chain at the outer boundary of the shell is dependent on PEG to PLA molecular weight ratio that governs the PLA packing density and the surface curvature (linked to the nanoparticle size) of the assembly. 57, 58, 71 As an example, an increase in the diameter of nanoparticles made of mPEG 5000 -PLA 45000 results in a lower surface curvature, thus in an apparent increase in PEG surface coverage 59 and in an improved colloidal stability.
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Pharmacokinetics
Like any colloidal drug carrier not especially designed to escape from MPS uptake, PLA or PLGA nanoparticles are rapidly removed from the blood stream after vascular administration and preferentially accumulate in liver and spleen. 44, 72 Blood half-lives are generally around 2-3 min. 44, [73] [74] [75] After intravenous administration, the first step of the process that leads to the nanoparticle uptake by the MPS is the opsonization phenomenon. Opsonins, including complement proteins, apolipoproteins, fibronectin, and Igs, 31 interact with specific membrane receptors of monocytes and tissue macrophages, resulting in recognition and phagocytosis. It is generally admitted that hydrophobic surfaces promote protein adsorption and that negative surfaces are activators of the complement system. 76 Following the rule hydrophobic and negative PLA or PLGA nanoparticle surfaces 57, 58 activate the complement system 32 and coagulation factors 77 in vitro. In contrast, hydrophilic coating with PEG sterically stabilizes PLA or PLGA nanoparticles and reduces opsonization and phagocytosis in vitro 32 or ex vivo, 78 and uptake by neutrophilic granulocytes in vivo. 79 Compared with nonpegylated PLA nanoparticles, pegylated nanoparticle surfaces have lower negative potential values, due to the surface shielding by the PEG corona. 3,57,58 mPEG 2000 -PLA nanoparticles did not activate the complement 47 and the coagulation 77 systems in vitro and did not alter coagulation parameters in vivo. 54 Gref et al. 32 showed a maximum antiopsonic effect with PEG molecular weights of 5000 and above. Covalent linkage of the PEG coating and sufficient PLA block molecular weight is essential to ensure a sufficient stability and to avoid loss of the coating benefit by desorption and/or displacement in vivo. 57, 72, 73, 80 In mice, blood circulation times of 111 In-labeled mPEG-PLGA 5000-20000 nanoparticles (140 Ϯ 10 nm diameter) increased compared to PLGA ones with an advantage to the higher PEG molecular weight. 81 Within 5 min, however, ϳ50% (PEG 20000 ) to 75% (PEG 5000 ) of injected nanoparticles (estimated from the blood clearance curves) had been cleared from the blood compartment (compared with 95% with control PLGA nanoparticles). In another study performed in rats, the blood half-lives of [ 14 C]PLA-labeled mPEG-PLA 30,000 nanoparticles with PEG molecular weight of 2000 73 (205 nm diameter) or 5000 78 (140 Ϯ 60 nm) were markedly higher (6 h) and independent of the PEG molecular weights. Less prolonged blood circulation times were observed with PLGA nanoparticles coated with PLA 3000 -PEG 4000 (147 Ϯ 3.6nm) or PLA 3000 -PEG 5000 (161 Ϯ 3.7nm) (T [ 82 In rats, a blood half-life of 270.9 min was determined for 125 I-BSA loaded in mPEG 5000 -PLGA 45000 nanoparticles (around 200 nm diameter), compared with 13.6 min when formulated in PLGA nanoparticles. 75 The large variability in blood half-lives determined in those works, even with the same PEG block molecular weight of 5000, may be ascribed to the above discussed densityrelated PEG conformation in the coating layer. The polydispersity of the PLA block molecular weights should be also considered, which renders the pegylated nanoparticle system more complex than liposomes (the molecular weight of the hydrophobic moieties of the pegylated phospholipids are constant and the fluidity of the lipidic membrane permits a statistically homogeneous distribution of pegylated phospholipids) and could lead to a surface heterogeneity pointed out by Gbadamosi et al. 69 Such a surface heterogeneity may explain the rapid clearance of a significant fraction of intravenously injected long-circulating nanoparticles by the MPS. 72, 81, 83 Because of this polydispersity, space available for PEG block expansion is likely to be variable on nanoparticle surface. Mushroom-like and brush-like conformations may coexist within a single nanoparticle or among a population of polydispersed nanoparticles (the size of micellar-like mPEG-PLA nanoparticles and therefore the PEG conformation in the corona are dependent on the PLA molecular weight, see above), thus explaining variability observed in blood half-lives. Therefore, molecular weights of PEG and PLA block, as well as polydispersity of copolymers, should be carefully selected in designing long-circulating pegylated nanoparticles.
Drug loading
Conventional drugs and general principles. Various kinds of conventional drugs were formulated as PLA, PLGA, or mPEG-PLA nanoparticles. Examples are savoxepine, 84 doxorubicin, 85 irinotecan, 86 paclitaxel, 87, 88 antiestrogen RU58668, 89 tyrphostin AG-1295, 90 lidocaine, 91 propranolol hydrochloride, 92 heparin, 93 and enalaprilat. 94 Basically, drug entrapment efficiency depends on the solid-state drug solubility in PLA/PLGA polymer (solid dissolution or dispersion), which is related to the polymer composition (lactic/glycolic ratio), the molecular weight, the drugpolymer interaction and the presence of end-functional groups (ester or carboxyl). [95] [96] [97] [98] [99] The PEG moiety has no or little effect on drug loading. 91 Because PLA and PLGA are hydrophobic polymers, lipophilic drugs are easier to formulate (in dissolved state) in PLA/mPEG-PLA nanoparticles, than hydrosoluble ones (segregation in separate domains). Despite the [(water-in-oil) in water] solvent evaporation technique, the entrapment of hydrophilic drugs may be a challenge due to the drug diffusion from the inner to the outer aqueous phases promoted by the large surface area developed. Nanoparticle formulators have nevertheless several means to optimize drug encapsulation: the selection of the preparation procedure, 61, 84, 87 ,100 the use of additives, 96, 97 the pH optimization of the aqueous phases, 92 the use of unionized base or acid form of drugs, 84, 86, 96, 97 the PLA/PLGA block polymer molecular weight. The incorporation of carboxylic groups to mPEG-PLA 55 or the drug chemical conjugation via cleavable linkage 101 may be interesting alternatives to improve drug loading efficiency and adjust release rates. Early drug release during storage may be solved by freeze-drying. Drug entrapment efficiency can reach more than 80% 84, 92, 91 and drug content up to 50%. 91 In most cases, however, drug contents are 5-10% (wt/wt) of nanoparticle weights 86, 88, 94, 96, 97, 102 or even less. 87 Therefore, when formulating drug nanoparticles, it should always be kept in mind that generally as high as 90% of the material to be administered will likely be nanoparticle excipients with their potential toxicity. Drugs with high intrinsic pharmacological activities should be preferred to avoid the administration of massive dose of nanoparticle material. Drug release from biodegradable polymeric nanoparticles depends on the Fickian diffusion through the polymer matrix and on the degradation rate of the polymer. The prediction of the release profile is complex because it results from a combined effect of various parameters: solid-state drug polymer solubility 98 and drug-polymer interactions, 55, 91, 92, 100 polymer degradation rate, 61 block copolymer molecular weight and polydispersity, 103 PEG content and molecular weight, 89, 91, 103 water uptake by nanoparticles 48 and drug solubility in the biological medium. In most studies, in vitro release profiles are characterized by an initial fast release (burst) of drug close to or at the surface followed by a sustained release. 91, 92, 103 Removing the low molecular weight fraction from the polymer was shown to reduce the initial burst of drug release. 103 Depending on formulations in vitro, drug releases last from a few hours 84, 91, 92 or a few days 87 to several weeks. 61, 84, 88, 90 Administered locally, betamethasone sodium phosphateloaded PLGA nanoparticles were efficient at controlling inflammation over at least 3 weeks in a rabbit model of arthritis, compared with one day for the solution.
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Peptides, polypeptides, and protein drugs. Certainly one of the most promising, and challenging, applications of nanoparticles in brain delivery are the sustained release of therapeutic peptides and proteins. Due to their hydrosolubility the preparation method is generally based on the [(water-in-oil)-in water] solvent evaporation technique. 75, 104, 105 Entrapment efficiencies generally range from 10% to 90%, 75, 104, 106 and nanoparticle contents from 1% or less 99, 107, 108 to more than 15%.
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Apart from formulation issues inherent to peptide chemical instability or chemical reaction between peptides and polymer degradation products, 109 the formulation of peptide-loaded nanoparticles is similar to conventional drugs. 99, 107, 108 Proteins, however, are highly organized, complex structures that have to be preserved to maintain biological activity (receptor binding, antigenicity, enzymatic activity, etc.). The general issues of the protein stability and assessment and stabilization methods in PLA or PLGA delivery systems have been extensively reviewed. 110 -112 Structural and chemical integrity are lost during nanoparticle preparation and storage by protein exposure to damaging conditions, such as interfaces (aqueous/organic in emulsions, hydrophobic surfaces of polymers), elevated temperatures (e.g., by sonication), shear force (e.g., sonication, vigorous stirring, extrusion, high pressure homogenization process), surfactants, (freeze-) drying etc. 110 Moreover, upon administration, proteins are exposed to physiological temperature and acidic by-products of PLA/PLGA polymer degradation within nanoparticles for long time periods that can also affect their stability. 110, 112 The study of the physical and chemical structure of the entrapped protein accompanied with an appropriate evaluation of the biological activity of the released material is the only way to confirm the maintenance of the protein integrity and activity. 112 Each nanoparticle formulation of protein is unique and requires specific adaptation and evaluation. Improved protein stability was achieved by altering preparation processes, 113 by changing polymer/copolymer, 105, 114 by changing or mixing solvents, 49, 113 by adding protective additives 110 118, 119 to the inner aqueous phase. Such formulation optimizations permitted sustained release of active protein over several weeks in vitro.
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Plasmid DNA, oligonucleotides. Plasmid DNAloaded nanoparticles are generally prepared using the [(water-in-oil)-in water] solvent evaporation technique. 120, 121 The plasmid DNA loading, release rates, and transfection efficiency were shown to be dependent of the nature and the molecular weight of the polymer, 122 the nanoparticle size 121 and the colloid stabilizer. 122 An in vitro plasmid gene sustained release over several weeks was achieved with PLGA 123 or mPEG-PLA nanoparticles. 120 PLGA nanoparticles were shown to be endocytosed by cells in vitro 124 . After endocytosis, PLGA nanoparticles escape from the endolysosomal compartment to the cytoplasm and gradually release their content, resulting in sustained gene expression. 125, 126 In a rat osteotomy model, PLGA nanoparticles administered in the bone-gap tissue permitted a plasmid gene expression for at least 5 weeks demonstrating their sustained release properties. 123 Like PLGA nanoparticles with an important poly(vinyl alcohol) coating, 127 pegylated nanoparticles may interact poorly with cells, which may result in low, or even no gene expression. Such a problem may be overcome with appropriate targeting ligands able to trigger endocytosis. 128 Oligonucleotides were successfully encapsulated within PLA 129 -131 or mPEG-PLA 132 nanoparticles. In vitro-sustained release and intracellular delivery were demonstrated. 131, 133 Perspectives in brain targeting. The most achieved work in the field of brain targeting with colloidal drug carriers has been carried out with pegylated immunoliposomes that access the brain from blood via receptormediated transcytosis and deliver their content (small drug molecules, plasmid) into the brain parenchyma, without damaging the BBB. 134 -137 This requires the presence of receptor-specific targeting ligands at the tip of 1-2% of the PEG 2000 strands. Targeting ligands are peptidomimetic monoclonal antibodies, i.e., able to trigger the activation of receptors (transferrin or insulin receptors) that are highly expressed on the brain capillary endothelium. 134, 136, 137 These antibodies directed against external receptor epitopes do not interfere with the natural ligand binding sites, thus avoiding competition. Colloidal carriers should have diameter less than 100 nm to fit the loading capacity of these transport systems. Because immunoliposomes are not able of sustained release of transported compounds, as shown by the relatively short-lasting plasmid expression in brain, 136 they require frequent administrations to sustain a pharmacological effect. 138 Pegylated PLA immunonanoparticles with sustained release properties may offer an interesting alternative. Because of the presence of unreactive methoxy terminal groups, mPEG-PLA copolymers do not permit ligands to be tethered to the PEG chain. The covalent conjugation of protein ligands to pegylated nanoparticles requires chemically reactive functions at the free end of 1-2% of the PEG strands of the PEG corona. Several functionalized copolymers have been recently synthesized: the biotinylated, 139 the amine-reactive 64, 140 and the thiol-reactive copolymers 141, 142 that permit protein chemical conjugation in nondenaturing conditions 143 (FIG. 2) . They are generally synthesized by ring opening polymerization starting from heterobifunctional PEG and lactide and/or glycolide. 64,140 -142 Polymer block conjugation is an alternative method. 144 Biotinylated PEG-PLA nanoparticles may link biotinylated antibodies through an avidin spacer 145 (FIG. 3, panel 1a) , or avidinantibody conjugates 146 (FIG. 3, panel 1b) . Amine-reactive PEG-PLA (succinimide and aldehyde derivatives) can directly react with ⑀-amino groups of the lysine residues of antibodies in mild conditions (FIG. 3, panel  2 ). An ␣-acetal-PEG-PLA block copolymer is required to prepare aldehyde-functionalized PEG-PLA nanoparticles 64, 147, 148 (FIG. 3, panel 2b) . After nanoparticle preparation, the acetal groups are converted by mild acid treatment (pH 2) into aldehyde functions that are reactive with amine of peptidyl ligand at pH 7.
147,149 Antibodies may be chemically linked through Schiff base formation and successive reductive amination using NaBH 3 CN. 147 Due to the lack of free thiol, antibody conjugation to thiol-reactive functions (maleimide) requires the introduction of thiol residues by reacting 2-iminothiolane (Traut's reagent) with ⑀-amino groups of the lysine residues. The thiolation was shown not to interfere with target recognition. 150 In mild conditions that preserve antibody reactivity, a stable thioether bond can be established between maleimide and thiol (FIG. 3, panel 3) . Such a method was successfully applied to the preparation of brain-targeted immunoliposomes. 134 In a recent work, we used the same procedure to design brain-targeted pegylated immunonanoparticles. 142 Maleimidefunctionalized pegylated nanoparticles were prepared with maleimide-PEG 3500 -PLA 40000 and mPEG 2600 -PLA 40000 (according to a 1:40 molar ratio) using the [(water-in-oil) in water] solvent evaporation technique. Thiolated mouse OX26 anti-rat transferrin receptor monoclonal antibodies were then successfully conjugated to the functionalized nanoparticles. The mean number of antibodies per nanoparticles was determined to be 67 and visualized at the nanoparticle surface by transmission electron microscopy after labeling with an anti-mouse IgG antibody gold conjugate (FIG. 4) .
CONCLUSION
Even though being effective at delivering drug to the brain by a still-debated mechanism, polysorbate 80-coated PBCA nanoparticles may have limited clinical applications due to a potential toxicity, BBB permeabilization, and short lasting delivery. Technology now ex- ists to prepare safe brain-targeted long-circulating nanoparticles, the pegylated PLA immunonanoparticles, capable of sustained drug release. Their physicochemical and biological properties and methods of preparation have been extensively described. Various drug molecules, including proteins, plasmid DNA, and oligonucleotides, were formulated and preservation of activity was demonstrated. A long way of optimization and evaluation is still, however, needed before potential clinical application. Providing PLA nanoparticles with stealth properties is a complex issue that involves the optimization of combined parameters, such as PEG molecular weight, PEG/PLA molecular weight ratio, and nanoparticle size. Stealth properties and BBB transportation of immunonanoparticles, as well as effective drug release in the brain parenchyma, remain to be investigated.
